Abstract Experimental data analysis and simulation calculations were performed in order to evaluate the cross-talk rejection performance of a typical neutron detection array. For very closely packed scintillation bars, the CT rejection may rely on the position relation between the two signals. The criteria | x| 15 cm and | y | 12 cm are currently proposed for a rejection rate higher than 90%. For signals coming from distanced bars, the energy conservation relationship can be applied to reject the CT events with a similar performance. In both cases the results of simulation agree very well with the experimental data, assuring their applicability to other detection systems and physics problems.
Introduction
Since 6 He, 11 Li and some other neutron halo nuclei were discovered, a lot of work has been carried out to study their structures based on the models that treat the halo nucleus as an inert core plus a few valence neutrons [1∼4] . The correlation between the valence neutrons has been one of the most important problems studied intensively in the past years [1, 5, 6] . Experimentally breakup or knockout reactions have been widely used to investigate this kind of exotic structure and neutron correlation [7] . A neutron detector array [8∼10] with good detection efficiency and resolution is mandatory in these studies [11] . In the case of multi-neutron coincidence measurement, the cross talk (CT) rejection is also very important which needs careful treatment [12∼15] .
Recently an experiment was carried out at RIKEN in Japan which applied the neutron walls in the forward direction as described in Ref. [7] . In order to extract correct information from the neutron detection, it is necessary to perform the detailed simulation to determine the various performance of the detector array and to decide the CT rejection algorithm to be used in the experimental data analysis. The simulation is compared to the data taken from a testing experiment with 70 MeV incident neutrons to cheek its validity and applicability for other systems and energies.
2 Testing experiment and simulation
Setup of the neutron detector array
The experimental setup of the neutron detector array is defined in the simulation code GEANT4. The origin of the coordinate is set at the center of the detector systems, and the x, y, z axis are defined as in Fig. 1 , with the z axis pointing to the beam direction. The neutron detector array is composed of 48 plastic scintillation bars (BC-408) packed into 4 layers, namely, U 1 , U 2 , U 3 and U 4 , along the z axis. Each layer is composed of 12 scintillation bars, each having a size of 210×6×6 cm 3 in the layer U 1 (or U 2 ), and 114×6 × 6 cm 3 in the layer Fig.1 A schematic view of neutron detector array in the experiment. The four layers along the z axis are named U1, U2, U3 and U4, respectively U 3 (or U 4 ). There is a 8.7 cm spacing between U 2 and U 3 layers while U 1 and U 2 (or U 3 and U 4 ) are closely stacked. The exact position of layers are listed in Table 1 , with the z coordinate starting from the physics target which is set at x = −40.9 cm, y = z = 0 cm. 
The testing experiment
The reaction 7 Li(p, n) 7 Be with 70 MeV proton beam was carried out as a test run during a knockout reaction experiment at RIEKN [7] . The neutrons generated were used to calibrate the neutron detector array. This reaction has been well investigated [16] and therefore is suitable for the calibration. For the outgoing neutrons, the energy distribution as a function of the emission angle is obtained according to the kinematics calculation.
Simulation data
In the GEANT4 code neutrons are generated at the target position and emitted to the neutron detector array. Hits of the neutrons on the detector create signals. The parameter EDep represents the energy loss induced by an incident neutron which reacts with the detection material and generates charged particles such as proton, alpha particles and so on, in a scintillation bar. Once the EDep is larger than the preset energy threshold, a signal is recorded, including time and charge information. The x, y and z positions (named P osx, P osy and P osz, respectively) of the signal are also saved. One neutron might cause several signals in different bars. Therefore the number of bars fired by one incident neutron is also recorded as the multiplicity (M ). The simulation data are analyzed by the program ROOT [17] .
Study of cross talk rejection
When one incident neutron produces two or more hit signals, we call it a cross talk (CT) event. CT affects the multi-neutron detection and must be eliminated when studying the valence neutron correlation. We focus here on the case of two neutron correlation since it is encountered in many cases and can easily be extended to the correlation with more neutrons.
Firstly, we combine the layers U 1 and U 2 as a superlayer R 1 , and U 3 and U 4 as R 2 . For an experiment with one neutron emission in each event, such as 7 Li(p, n) 7 Be reaction, if the number of signals taken from the detector array is equal to or larger than two (M 2), the event is called a CT event and is eliminated from the correlation analysis. For the actual setup, CT may be classified into two groups: events with two signals happening in one super-layer R 1 (or R 2 ) belong to group 1 (G 1 ). There might be 6 types of G 1 configurations as illustrated in Fig. 2(a) . Events with one signal happening in R 1 and another in R 2 belong to group 2 (G 2 ) and their possible configuration is shown in Fig. 2(b) . Events with one signal in U 2 and another in U 3 are ignored for the present analysis since they will be confused by the escaped proton signal in the second layer. In a plastic scintillator, the neutron caused signals come from n-p scattering primarily, as shown in Fig. 3 [15] . In the figure the first hit is recorded as (x 1 , y 1 , z 1 , t 1 , E 1 ) and the second hit as (x 2 , y 2 , z 2 , t 2 , E 2 ). Assuming the mass m n = m p , the following equations are satisfied according to the energy and momentum conservation: Fig.3 Illustration of n-p scattering kinematics for a crosstalk event
Cross talk rejection for G 1 events
Cross-talk events classified as G 1 are rejected by position criteria. According to the kinematics the n + p scattered neutron may cause a second hit at forward angles or neighboring bars. It is difficult for the scattered neutron to go to a far distance within one super-layer because its large scattering angle would result in low energy which is easy to be stopped within a neighboring bar. This idea could be justified by using the 7 Li(p, n) 7 Be data. For M = 2 events, we define:
The experimental distributions for ∆x and ∆y are shown in Fig. 4 (a) and (b). The CT rejection is applied with conditions:
|∆y| C y ,
where C x and C y are values of the criterion. The rejection rate as a function of C x and C y is plotted in Fig. 5 . Our purpose is to reject most of the CT events but in the mean time keep the true two neutron events as many as possible. The effect of losing the true two neutron events depends on the physics system to be studied and could not be analyzed here. For a general situation we suggest a compromised choice of C x = 15 cm and C y = 12 cm, which corresponds to the CT rejection rate of larger than 90%. The same criteria are also studied by the simulation. The rejection rate in comparison to the experimental rate is shown in Fig. 6 , when the above chosen C x and C y values are used. In the figure U n → U m means the first signal in layer U n and second in U m . The simulation is consistent with the experimental data within a 4% range, which proves the validity of the simulation. Fig.6 Comparison of CT event rejection rates between the analysis of experimental and simulation data, for G1 group events 3.2 Cross talk rejection for G 2 events
As shown in Fig. 3 , the two signals for a G 2 event are well separated in space. The energy of the scattered neutron E n can be calculated from the known distance L 12 and time of flight ∆T between the two signals. In the mean time the energy of the recoiled proton E p can be deduced from the signal charge (QDC) and the charge to the energy conversion function as shown in Fig. 7 [15] . Then the energy conservation relationship E n − E n = E p should be satisfied for the CT events according to equation (1), where E n is the incident neutron energy which is normally known from the experiment or simulation. In Fig. 8 we plot E p versus E n −E n for the 7 Li(p, n) 7 Be reaction neutrons with M = 2. It is obvious that we do not get the straight line distribution as predicted by the above energy conservation relationship, because the recoiled protons might escape from the actual scintillation bar and the measured energy loss is less than expected. We can then set the rejection criterion as:
In Fig. 8 the solid line represents the equation E p = E n − E n + A with A=0. In principle, all CT events should satisfy condition (10) whereas the true two neutron events may not. A can be adjusted according to the energy resolution and the compromise between the CT rejection rate and the probability of keeping the true two neutron events. The CT rejection rate for A = 16 MeV is plotted in Fig. 9 for the experimental data compared to the simulation. About 90% CT events in the G 2 group are rejected. It is interesting to see the fluctuations for different combinations of layers. Again the simulation agrees very well with the experimental data. In practice the choice of A is also related to the situation of true two neutron events which should be studied case by case according to the physics problem. But the CT rejection rate already studied here provides a good reference. 
Summary
Using the data from a testing experiment, the CT rejection performance of a neutron detection array was studied and compared to Monte Carlo simulations. For signals from the closed packed scintillation bars (G 1 group events), the position criteria |∆x| 15 cm and |∆y| 12 cm are obtained which assure a CT rejection rate of higher than 90%. For signals from distanced scintillation bars (G 2 group events), the criteria E p E n − E n + A with A=16 MeV are proposed in order to keep the similar performance of the CT rejection. This performance (> 90% CT rejection) is normally required before carrying out two-(or multi-) neutron correlation studies. In addition to the CT rejection, another important factor for these studies is to retain as many as possible the real two neutron events (retaining rate). This means to have most real two neutron events not rejected by the above criteria. The positions and momentum information of the real two neutrons depend on the physics system to be studied and can not be evaluated here. But based on the simulation code approved here, both CT rejection rate and real two neutron event retaining rate can be evaluated for any physics system and applied neutron detector array. The simulation code and the CT rejection method developed here will be used in the physics analysis of the previously performed experiments and in the design of the Multi-Neutron Correlation Spectrometer (MunCoS) currently under construction at Peking University [18] .
